Previous binding studies with labeled doublestranded Bacillus subtilis DNA fragments to a protein blot of renatured Bacilus membrane proteins showed selective binding of two adjacent origin fragments to a 64-kDa protein. The selective binding of the 64-kDa protein could be blocked by prior incubation ofthe blots with a specific polyclonal antibody. An in vitro replication system derived from a B. subilis DNAmembrane complex showed initiation activity without addition of exogenous enzymes or template. When the complex was first incubated with the 64-kDa antibody or with its Fab fragments, initiation activity was enhanced. Antibodies to several other Bacillus membrane proteins as well as nonspecific antibodies did not show any significant stimulatory effect. A heavydensity-label experiment indicated that the complex initiated multiple rounds of replication in the presence of the 64-kDa antibody but not in its absence. The 64-kDa antibody plus an initiation inhibitor (streptovaricin) showed only repair and elongation activity. The 64-kDa protein may act in vivo as a repressor/regulator of initiation activity.
density-label experiment indicated that the complex initiated multiple rounds of replication in the presence of the 64-kDa antibody but not in its absence. The 64-kDa antibody plus an initiation inhibitor (streptovaricin) showed only repair and elongation activity. The 64-kDa protein may act in vivo as a repressor/regulator of initiation activity.
A functional association between membranes and the prokaryotic chromosome has been postulated for many years, although the exact role of the membrane in vivo has yet to be determined. However, there is mounting evidence that membranes or membrane components are involved in DNA replication. Many replication models use the membrane as an anchor site for the replicative apparatus (1) (2) (3) (4) (5) . DNA-membrane complexes have been isolated from both Gram-positive and Gram-negative bacteria (1, 4, 6, 7) . These complexes are often enriched with DNA from the origin of replication (6, 8) . In some cases, entire functional replicative complexes can be isolated from such complexes (1, 2, 6, 9) . A number of dna gene products can be isolated from the membrane or may be associated with the membrane. These include the DnaA protein ofEscherichia coli replication (10) as well as the DnaJ and DnaK proteins necessary for bacteriophage A and possibly E. coli replication (11) . The Mu replication protein B has been found to be associated with the inner membrane of E. coli (12) . A 46-kDa membrane protein (the gp69 gene product) is required for initiation of T4 DNA replication (3) . It is coupled with a replication origin -of the phage and shares a patch of homology with the DnaA protein. In Bacillus subtilis, the DnaB protein has been shown to be a Inembraneassociated protein that is involved in initiation of replication (9) .
Previous results have shown the existence of a specific origin region double-stranded DNA binding protein of 63-64 kDa in B. subtilis that is strongly associated with the membrane (13) . To elucidate the possible function of this membrane-associated protein in DNA replication, an in vitro replication system consisting of a DNA-membrane complex containing this protein (as well as the template and all the necessary replicative enzymes) was used in combination with a polyclonal antibody that blocks its binding. The results suggest that the 64-kDa protein may act as a partial repressor of initiation activity.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. B. subtilis strain 841 (trp, thy, polA), kindly supplied by N. Sueoka (University of Colorado, Boulder), and a protease-deficient B. subtilis mutant, DB104 (nprE18, nprR2, DaprA3), kindly provided by R. H. Doi (Uniiiersity of California, Davis) (14), were used. E. coli K-12 recA strains HB101 and DHI were used to maintain a variety of plasmids containing various inserts derived from the B. subtilis genome (8) .
Growth Conditions and Standard Procedures. Media and growth conditions for the B. subtilis and E. coli strains with or without selective conditions have been described (6, 8) . Isolation of plasmid and bacterial DNA was performed by previously published procedures (6) .
Extractions and Purification of a DNA-Membrane Complex. The extraction and purification of a DNA-membrane complex have been described in detail previously (8, 13) . It involves an initial extraction of spheroplasts with sodium lauroyl sarkosinate (K & K, Plainview, NJ) (Sarkosyl NL-97 + Mg2+) crystals followed by CsCl density-gradient centrifugation, removal and dialysis of the pellicle, and further centrifugation of the suspended pellicle in a 7-20%o sucrose gradient. Separation into subcomplexes was monitored by optical density profiles using a Gilford recording spectrophotometer flow cell set at 260 nm. The light-sedimenting complex (top fraction), which contained all of the initiation activity, was used as the source of template and enzymes (8) .
DNA Synthesis. The isolated purified DNA-membrane complex was used as the basic component of an in vitro system that has been reported previously (8) . In addition, the light-sedimenting subcomplex was preincubated for 1 hr at 220C prior to adding the precursors and other components. The preincubation mixture contained 17 mM triethanolamine phosphate buffer (pH 7.5), tRNA at 0.25 mg/ml, 0.05 mM cyclic AMP, 0.01% Triton X-100, 2 mM EDTA, a complete amino acid mixture, 0.01 mM each, dialyzed top-fraction complex at 1 mg/ml, and either an antibody (using a titer that would visualize at least one major band on an immunoblot) or bovine serum albumin. The reaction mixture added to the preincubation mixture consisted of 12 mM magnesium acetate, 7.5 mM creatine phosphate, creatine kinase at 100 pug/ml, 0. 16 terminated by the addition of ice-cold 5% trichloroacetic acid/1% sodium pyrophosphate. Acid-insoluble radioactivity was determined as previously described (1) . When replication products were to be characterized further by equilibrium density centrifugation, the reaction was scaled up 50-fold, bromodeoxyuridine triphosphate was used in place of dTTP, and [3H]dATP (4 mCi/0.2 ml; 25 Ci/mmol; ICN) was used in place of dATP.
Equilibrium Density Centrifugation. After in vitro DNA synthesis by the DNA-membrane complex with bromodeoxyuridine triphosphate and [3H]dATP, as described above, DNA was extracted as described previously (1, 6, 8) and precipitated with ethanol, and the mixture was reconstituted to 1 ml with TE buffer (10 mM Tris/1 mM EDTA, pH 7.5) and mixed with 3.8 ml of saturated CsCl (in 150 mM NaCl/15 mM sodium citrate, pH 7.0). This mixture was centrifuged to equilibrium at 29,600 rpm for 72 hr at 14°C in a Beckman SW55 rotor, the optical density profile at 260 nm was determined with the Gilford flow cell, fractions were collected, and portions of each fraction were analyzed for acid-insoluble 3H radioactivity by liquid scintillation counting. The CsCl density of each fraction was determined by refractometry.
Membrane Protein Blots. We used a survey technique modified from Bowen et al. (15) to prepare the nitrocellulose strips to which the proteins were to be transferred. Membrane proteins were extracted and purified from B. subtilis, as described by Laffan and Firshein (13) , and separated by SDS/polyacrylamide gel electrophoresis, then allowed to renature and capillary transferred to nitrocellulose. The nitrocellulose was cut into thin (7.5 mm) strips, incubated with the various antibodies and used for peroxidaseantiperoxidase staining to detect the various protein-antibody complexes.
Antibodies to Bacillus Membrane Proteins. Polyclonal antibodies to several B. subtilis membrane proteins were obtained from P. C. Tai (Boston Biomedical Research Institute). Fab fragments were created by papain cleavage of protein A column-purified antibodies and separated from their Fc portions by a second pass through the protein A column (16) .
Antibody Staining. A peroxidase-antiperoxidase method was used. The nitrocellulose strips with the transferred proteins were first incubated in blotto (17) for 1-2 hr at room temperature. Then, they were incubated for 5-18 hr with the primary antibody in a minimal amount of blotto using an antibody titer of 1:1000-1:100 depending on the individual antibody, each empirically determined. The strips were washed three times, 20 min each, with fresh blotto and incubated with the secondary antibody conjugated to peroxidase, in blotto for no more than 2 hr. The strips were washed further (three times, 20 min each) in TBS (20 mM Tris/150 mM NaCl, pH 7.4). The reactive protein bands were then visualized in a fresh developer solution [2 parts TBS, 1 part 0.3% 4-chloro-l-naphthol (in methanol), 0.01 part 30% H202]. When the bands were dark enough the reaction was stopped by placing the strips in distilled water. The strips were kept in H20 in the dark until they were photographed.
Binding of Membrane Proteins to Origin Probes. The procedure was the same as that used previously (13) except that the strips were (i) preincubated with or without various antibodies using the blotto technique described above and (ii) not put into developer.
RESULTS
The localization of the proteins recognized by the various polyclonal antibodies on immunoblotted strips is shown in Fig. 1 We have previously found that a 63-to 64-kDa protein derived from membrane preparations specifically binds to two adjacent origin region double-stranded DNA probes.
Flanking origin region fragments as well as nonorigin region fragments do not show this specific binding (13) . To determine whether the 63-to 64-kDa protein can be prevented from binding the origin probe by the appropriate antibody, the membrane protein strips were incubated with the two antibodies that might be expected to react with it (anti-60 kDa and anti-64 kDa) prior to exposure to the origin probe. As shown in Fig. 2 (18) to react with the 64-kDa antibody and is now designated 64 kDa instead of the 63 kDa value stated previously (13) . It should be pointed out, however, that there are slightly different DNA-protein banding patterns observed on the two nitrocellulose strips preincubated with each antibody as compared to the control strip without antibody. Since the proteins had been separated and transferred to the strips prior to antibody treatment, it is unlikely that the antibodies induced these slight anomalies. Rather, they are probably due to the lower binding stringency used as described in the legend of Fig. 2 interactions from strip to strip. Nevertheless, the interference of the 64-kDa antibody with the binding of the 64-kDa protein to the origin probe has remained consistent.
To test the specific role of the 64-kDa membrane protein in replication, the 64-kDa antibody was added to a previously developed (6, 8) in vitro B. subtilis replication system consisting of a membrane-associated DNA complex. By preincubating the DNA-membrane complex with the antibody, we expected to show the function of the membrane protein to be impaired. If the 64-kDa protein is involved in DNA replication then the antibody-treated synthetic system should be affected, perhaps adversely. Wold et al. (11) has performed a similar experiment with antibodies to various components of a A in vitro replication system. Preincubation with each of several different antibodies reduced DNA synthesis by different amounts. We tested the effects of the antibodies primarily on initiation, which was determined as described in Fig. 3 . Fig. 4 shows that prior treatment of the complex with the 64-kDa antibody did affect replication but, in contrast to our initial supposition, replication was enhanced significantly over control levels. Nearly all of the increase in synthesis was in the form of initiation activity. The enhancement of initiation could be increased further by addition ofa secondary antibody to the 64-kDa antibody (goat anti-rabbit IgG). The assumption was that a secondary antibody would make it even more difficult for the 64-kDa protein to bind to origin region DNA because of the greater steric hindrance engendered by the multiple antibody com- plex. An even greater enhancement than this was obtained, however, by prior incubation of the complex with Fab fragments made from the 64-kDa antibody. The assumption here was that the fragments, being smaller, might interact with the protein within the complex to a greater extent. When other antibodies to different membrane proteins were tested, there was a slight enhancement of initiation in the presence of the 68-kDa antibody and possibly the 60-kDa antibody, but Effects of prior treatment with antibody on initiation activity of a B. subtilis DNA-membrane complex. Initiation activity is defined as in Fig. 3 . Activity is given as percent ofcontrol at 30 min (defined as 100%6). The control sample was preincubated with bovine serum albumin instead of with antibody. Goat anti-rabbit IgG (GAR) was used as a second antibody to the 64-kDa antibody. Fab, the enzymatically cleaved specific-recognition portion of the 64-kDa antibody. these effects were not nearly as great as that of the 64-kDa antibody (Fig. 5) . A 92-kDa antibody and 31-kDa antibody were ineffective and the generic antibody showed a slight inhibitory effect. Whether these small stimulatory or inhibitory effects are significant remains to be seen.
A possible mechanism for action of the 64-kDa protein involves a partial repressive effect on initiation. By inhibiting this repressor-like action (with the antibody), an increase in initiation activity could be evident because each initiation site would undergo more than one initiation event. To test this hypothesis, in vitro replication was studied in the presence of a heavy-density DNA precursor (bromodeoxyuridine triphosphate), previously shown to produce a significant density shift of the newly synthesized DNA (1, 14) . It was hoped that prior incubation with the 64-kDa antibody would allow conversion of some of the newly synthesized hybrid-density DNA to heavy/heavy-density DNA. Such a result would suggest strongly that more than one round of initiation had occurred. The CsCl density-gradient profile of DNA synthesized with and without preincubation with the 64-kDa antibody is shown in Fig. 6 .
It can be seen that preincubation with the 64-kDa antibody does indeed allow synthesis of extremely heavy-density DNA (peak C) in comparison to preincubation without the antibody. When an initiation inhibitor (streptovaricin) was added with the 64-kDa antibody, the DNA density profile showed only the peak labeled A (data not shown). It is very likely that this A peak represents repair and elongation activity, predominantly light-density DNA with portions of newly synthesized heavy-density DNA. The second peak (labeled B), at approximately 1.798 g/ml, likely represents hybrid-density DNA, whereas the final peak (labeled C), at approximately 1.886 g/ml, as stated above, must represent some amount of newly synthesized heavy-density DNA in which the heavy-density precursor is incorporated into both strands. Light parental DNA from this strain bands at 1.7001 g/ml (4) , as shown by the leftmost arrow in Fig. 6 . The shift from light-density parental DNA to the heavier-density DNA to the heaviest-density DNA is about 0.09 g/ml for each step. It is slightly more from parental DNA to the intermediate peak than from the intermediate peak to the heaviest peak. This is probably due to the fact that the density gradient runs into the bottom of the centrifuge tube at the heaviest peak. Hanawalt (20) mentions the same 0.09 g/ml shift for bromodeoxyuracil-substituted DNA, which supports the contention that peaks B and C represent hybrid-and heavy/heavydensity DNA, respectively. Thus, it appears that the 64-kDa protein is involved with repression of initiation. Further support for this model comes from the observation that the origin fragments that bind specifically to the 64-kDa protein may contain at least one initiation site in B. subtilis (8, 21 (2) .
The 64-kDa protein may act as a regulator of initiation, normally preventing premature reinitiation of an origin region. Although its mechanism of action is unknown, it may be that since this protein binds double-stranded initiation region DNA so strongly, it inhibits the separation of the DNA strands required for replication to begin. Another possibility is that the conformation of the DNA is altered (e.g., bending or unbending) when the protein is removed to facilitate recognition ofthis region by other essential initiation proteins (23) .
The 64-kDa protein appears to be very similar to the DnaB protein in two respects: both are membrane proteins and both are possibly involved in initiation of DNA replication. However, preliminary evidence indicates that they are distinct proteins; their antibodies do not crossreact and they appear to have opposite effects on the in vitro synthesis system (unpublished findings).
A case for interconnecting regulatory networks (regulons) in B. subtilis has been made for macromolecular synthesis (24) . Something similar may be occurring with the 64-kDa protein. The antibodies were originally made against membrane proteins thought to be involved in protein secretion (18, 25, 26) . The 64-kDa protein in particular was important because it was found to be covered with ribosomes. The protein can be removed from the cytoplasmic (inner) surface of the membrane, but only after ribosomes have been released from the preparation (18) . At this time, we do not know how replication and secretion are interrelated through this molecule, but it presents many interesting possibilities.
